Abstract In this study, a series of long-term, intermittent permeability experiments utilizing Berea sandstone and Horonobe mudstone samples, with and without a single artificial fracture, is conducted for more than 1000 days to examine the evolution of rock permeability under relatively high-temperature and confining pressure conditions. Effluent element concentrations are also measured throughout the experiments. Before and after flow-through experiments, rock samples are prepared for X-ray diffraction, X-ray fluorescence, and scanning electron microscopy coupled with energy dispersive X-ray spectroscopy to examine the mineralogical changes between pre and postexperimental samples, and also for microfocus X-ray CT to evaluate the alteration of the microstructure. Although there are exceptions, the observed, qualitative evolution of permeability is found to be generally consistent in both the intact and the fractured rock samples-the permeability in the intact rock samples increases with time after experiencing no significant changes in permeability for the first several hundred days, while that in the fractured rock samples decreases with time. An evaluation of the Damkohler number and of the net dissolution, using the measured element concentrations, reveals that the increase in permeability can most likely be attributed to the relative dominance of the mineral dissolution in the pore spaces, while the decrease can most likely be attributed to the mineral dissolution/crushing at the propping asperities within the fracture. Taking supplemental observations by microfocus X-ray CT and using the intact sandstone samples, a slight increase in relatively large pore spaces is seen. This supports the increase in permeability observed in the flow-through experiments.
Introduction
An understanding of the flow and transport characteristics of porous/fractured rocks is required for the safe and long-term geological isolation of energy-related by-products (i.e., high-level radioactive waste and anthropogenic CO 2 ). Notably, under elevated temperature and stress conditions, mechanically and chemically mediated processes may alter the pore structure in rocks, resulting in an irreversible evolution of the flow and transport behavior. An augmentation in permeability may result from the mechanical dilation brought about by shearing and/or mineral dissolution within the pore spaces, while a reduction in it may result from reversible or irreversible mechanical compaction, mineral dissolution at the contacting areas, and/or the clogging of pore spaces by the precipitation of secondary minerals. moderate stress (<10 MPa) and temperature (<1508C) conditions [Polak et al., 2003 Yasuhara et al., 2004 Yasuhara et al., , 2006 Yasuhara et al., , 2011 .
In contrast, a pure chemically mediated process of the free-face dissolution can sometimes bring about the formation of wormholes and may cause an increase in permeability with time. It has been investigated in porous media [e.g., Hung et al., 1989; Fredd and Fogler, 1999; Panga et al., 2005; Kalia and Balakotaiah, 2009] and in fractured media [e.g., Durham et al., 2001; Polak et al., 2004; Szymczak and Ladd, 2009; Ishibashi et al., 2013; Elkhoury et al., 2013] . These studies were typically performed in carbonate porous/fractured media. Experimental studies performed in rock other than carbonate rock are relatively sparse, although there are some examples of studies conducted in granite [Moore et al., 1994] , novaculite [Polak et al., 2003; Yasuhara et al., 2006] , and sandstone [Walsh et al., 2014] .
In all the above mentioned works, the changes in permeability have been observed over relatively short periods, namely, from a few hours to several months. When considering the long-term integrity of the rocks of interest in the geological isolation of high-level radioactive waste and anthropogenic CO 2 , the longer evolution of the permeability should be examined in detail, and the mechanism explaining the longer changes in permeability should be understood. To this end, we have observed the changes in permeability for far longer periods (i.e., >1000 days) in two kinds of sedimentary rocks, namely, Berea sandstone and Horonobe mudstone. Sandstone formations are potential reservoirs of CO 2 geo-sequestration, and Berea sandstone is popular in research works related to engineering geology. Thus, a lot of data (e.g., physical properties) are available in the literature. On the other hand, mudstone formations are potential sites for high-level radioactive waste. Horonobe mudstone can be obtained from the Horonobe Underground Research Laboratory site in Japan where the Horonobe Underground Research Center has conducted research and development on the geological disposal of high-level radioactive waste. This is the reason we have chosen these two types of sedimentary rocks for the present study.
In this work, a series of permeability experiments on intact core samples of Berea sandstone and on singlefracture core samples of both Berea sandstone and Horonobe mudstone has been conducted under different confining pressure and temperature conditions. The experiments follow the progress of the permeability utilizing the intermittent measurements of the evolving flow rate and the effluent mineral mass. In the case of the sandstone experiments, deionized water is used as the permeant fluid, which can dissolve a greater amount of minerals than groundwater because of its low activity. Deionized water is used instead of groundwater because it enables the straightforward analysis of the effluent element concentrations in effluent solutions and because the evolution of permeability mediated by the mineral dissolution may be more readily observable. In the case of the mudstone experiments, two different permeants are employed, namely, deionized water and silicon oil. Silicon oil is used to inhibit subcritical crack growth and pressure solution, and such a configuration may enable examination and understanding if mechanical creep, which can be observed as a reduction in permeability, occurs under stressed conditions. Petrographic and microstructural observations are also conducted by adopting X-ray diffraction (XRD), X-ray fluorescence (XRF), SEM-EDX, and microfocus X-ray CT to examine the mechanisms that explain the changes in permeability measured from the permeability experiments.
Experimental Method
A series of permeability experiments was conducted on cylindrical intact samples of Berea sandstone (30 mm in diameter 3 60 mm in length) and on samples of Berea sandstone and Horonobe mudstone containing a single diametric saw-cut fracture along the cylindrical axis, as shown in Figure 1 . Note that all the cores of both the Berea sandstone and the Horonobe mudstone were cored perpendicular to the bedding planes, meaning that the flow direction in the permeability experiments was also perpendicular to them. Two kinds of permeants (i.e., deionized water and silicon oil) were adopted in this work. The oil flow experiment was conducted to examine the effect of mechanical creep on the changes in permeability under no mineral-dissolution conditions. The mechanical creep may be enhanced under wet conditions [Lockner, 1995; Masuda, 2001] , but it should be due to chemical effects. Therefore, the oil flow experiment enables the extraction of the mechanical effects on the changes in permeability. Throughout each permeability experiment, the measured flow rate yielded an intermittent record of averaged rock transmissivity, which was converted to the average permeability. Preexperimental analyses were conducted on the rock samples to obtain the mineralogical and chemical compositions by XRD and XRF, respectively. The P wave velocity,
Water Resources Research

10.1002/2014WR016427
which is directly related to the elastic properties of the materials whose higher P wave velocity represents a stiffer body, was also measured for the sandstone samples before the commencement of the permeability experiments. Moreover, the pore size distribution and the microstructure of the sandstone samples were obtained by microfocus X-ray CT supplemented with mercury porosimetry.
Rock Samples
The representative chemical compositions of the sandstone and mudstone samples were determined by XRF. The weight percentages of the major elements are listed in Table 1 . In addition, the mineral compositions of the sandstone and the mudstone samples, before the permeability experiments, were also determined by XRD and are shown in Figure 2 . Berea sandstone is composed almost completely of pure quartz, but also contains slight amounts of feldspars, dolomite, and kaolinite. Meanwhile, Horonobe mudstone, recovered from the Wakkanai Formation at the Horonobe Underground Research Laboratory (URL), Japan, is mineralogically more complex; it is composed mainly of quartz, opal-A, and opal-CT, and partly of feldspars, calcite, illite, and chlorite. In this study, the clay fraction of the mudstone was not identified, but was thought to be much smaller than the amount of nonclay minerals [Hama et al., 2007; Kurikami et al., 2008] . Notably, the rock samples contain a relatively large amount of opal minerals; this finding is consistent with the results reported by Tachi et al. [2011] .
The surfaces of the saw cut fractures of Berea sandstone and Horonobe mudstone were measured through laser profiling (KEYENCE KS-1100) with a vertical resolution of 0.1 lm on a rectangular lateral grid of 20 lm, as shown in Figure 3 . The measured distributions of surface elevation are Gaussian, and the standard deviations of Berea sandstone and Horonobe mudstone are 59.7 and 36.7 lm, respectively. All the fractures were saw cut using the same procedure, but the surfaces of the Berea sandstone are rougher than those of the Horonobe mudstone, which is attributed to the size of the grains composing the rocks.
Experimental Setup
The setup for the permeability experiments is shown in Figure 4 . Before setting the rock samples within a pressure cell, the samples for the water flow experiments were immersed in a beaker filled with deionized water and then placed inside a desiccator. Subsequently, the space in the desiccator was evacuated by a vacuum pump for 6 h in order to remove air from the rock samples. On the other hand, the samples for the oil flow experiments were immersed in silicon oil and then left at atmospheric pressure for 2-3 days. It should be noted that the air within sample H-5 was not evacuated by a vacuum pump because the pump is susceptible to malfunctions due to the vaporized oil. Therefore, the samples immersed in silicon oil were not saturated. After the saturation process, the two half-rock samples were carefully fitted together to avoid introducing any small debris into the fracture. Then, the fitted core was confined within a heat-shrink tube. Once the core was jacketed, it was placed inside a pressure cell. Subsequently, axial pressure was prescribed by disc springs and controlled well by a load cell mounted onto the springs (Figure 4 ). Confining pressure, equivalent to the axial pressure, was applied by a hand pump and controlled by a regulator. Data on the evolving axial and confining pressures were recorded at 5 s intervals and monitored with data loggers and digital indicators to precisely maintain the prescribed pressures. 
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In the series of experiments, two different temperature conditions were set, namely, 20 and 908C. In the case of 208C, the pressure cells with the pressurized samples were placed in a thermostatic laboratory maintained at 20 6 1.08C. In the case of 908C, heating was conducted by submerging the pressure cells within a cylindrical container filled with heated silicon oil whose temperature was maintained at 90 6 0.58C (Figure 4 ). The injected fluid (i.e., deionized water or silicon oil) was preheated to 908C by cable heaters before being injected into the core interior. A combination of preheating and efficient insulation enabled the maintenance of the temperatures of the injected fluids to be congruent to those of the pressure cells. Note that the temperatures of the rock samples were not measured, but were regarded as being the same as those of the heated silicon oil and the pressure cells.
The permeability experiments were intermittently conducted every 5 or 10 days. Note that a syringe pump was carefully connected to and disconnected from the flow tubes of the pressure cells to avoid introducing air bubbles into the cells. The flow tubes were completely plugged with end plugs, except when conducting the permeability experiments. Therefore, between the permeability experiments, no-flow conditions were maintained. On the other hand, during the permeability experiments, the pressure differential between the sample inlet and the sample outlet was controlled by the syringe pump. The flow rates were evaluated by directly weighing the effluent fluid flowing out of the pressure cells. The effluent water was collected during each permeability experiment to determine the effluent Si, Al, K, Fe, Ca, Na, Mg, Cl, and S concentrations. The amount of effluent water collected every time was 8 and 3 mL for the samples of Berea sandstone and Horonobe mudstone, respectively. Once the fixed amount was collected, each permeability experiment was halted. The initial pore volume of the sandstone evaluated from the initial porosity (i.e., $17%) was $7 mL, and approximately one pore volume of the water was collected for the sandstone samples. Meanwhile, the amount collected for the mudstone samples (i.e., 3 mL) may be greater than that of the pore water within a fracture, and the element concentrations may be diluted to some degree. In any case, pore water was flushed each time for every permeability experiment and freshwater was injected into the samples.
Experimental Procedure
In this study, experiments using seven sandstone samples were conducted under confining pressures of 7.5 and 15 MPa, at temperatures of 20 and 908C, and under differential water pressures of 350 kPa for the intact samples and 9.80 kPa for the fractured samples. It should be noted that the differential water pressures were evaluated by subtracting the influence of the hydrostatic pressure arising between the sample inlet and the sample outlet. The maximum hydraulic gradient induced in this system is moderately high (i.e., in the order of a few hundred), which is incongruent with the natural system of groundwater movement. Such high hydraulic gradients were reluctantly adopted in order to control the flow-through system and to obtain 
where k is the intrinsic permeability (m 2 ), l is the dynamic viscosity (Pa s), Q is the flow rate (m 3 s 21 ), L is the sample height (m), A is the cross-sectional area (m 2 ), and DP is the differential pressure (Pa). Similarly, the fracture permeability was evaluated via the hydraulic aperture obtained using a parallel plate approximation [Gangi, 1978; Witherspoon et al., 1980] , namely, Water Resources Research
where hbi is the hydraulic aperture (m) and W is the sample width (m).
For the mudstone, three experiments were conducted under a confining pressure of 3.0 MPa, at temperatures of 25 and 908C, and under a differential water pressure of 350 kPa. As noted in the previous section, for the mudstone experiments, two different permeants were adopted, namely, deionized water and silicon oil, that can inhibit mineral dissolution. The experimental conditions for each case are tabulated in Table 2 . Through the various experiments conducted in this study, it was possible to examine the evolution of permeability in both the intact and the fractured samples with different rock types, confining pressures, temperatures, and permeants. It should also be noted that the permeability was examined for significantly long periods-the measurements were conducted for more than several 100 days in all cases and for more than 1000 days in many cases.
Chemical Analyses of Effluent Fluids
Deionized water (pH $7) was utilized as the permeant in the permeability experiments for both the sandstone and the mudstone samples. Thus, the measured effluent element concentrations should originate from the rock samples only. As explained in the previous section, fluid samples were taken from the flow outlet at regular intervals (one sample per 5 or 10 days) to determine the effluent Si, Al, K, Fe, Ca, Na, and Mg concentrations by inductively coupled plasma atomic emission spectrometry (ICP-AES) (Thermo Scientific iCAP 6300) and the Cl -and SO 22 4 concentrations by ion chromatography (IC) (Thermo Scientific DX-32). Prior to the ICP and IC analyses, 3 mL of the effluent solutions were diluted to 15 mL by a 2 wt % concentration of HNO 3 and by deionized water, respectively. This dilution procedure was adopted to avoid the precipitation of secondary minerals that may occur while lowering the temperature from 908C to room temperature.
Petrographic Observations
The mineralogical alteration in the samples after the long-term permeability experiments was analyzed using a field-emission SEM (JEOL JSM-7000F), equipped with an EDX system (Oxford Instruments, X-Max 20). The SEM-EDX analysis was conducted for samples B-00, B-42, and B-45. Sample B-00 represents a preexperimental sample, and samples B-42 and B-45 underwent a confining pressure of 7.5 MPa and temperatures of 20 and 908C for 1015 and 566 days, respectively. Prior to the SEM-EDX analysis, the core samples were completely dried at room temperature and then sliced to a thickness of $5 mm. The shaped samples were placed on a stub and coated with a thin (10 nm) osmium layer. At particular locations where precipitated minerals were observed, an EDX analysis was conducted to identify the chemical compositions. SEM was operated at an accelerating voltage of 15 kV, and a beam current of 1 nA was used for the semiquantitative chemical analysis.
Observations of Micropores
In order to evaluate the evolution of the pore size distribution between pre and postexperiments, a microfocus X-ray CT (TESCO TXS225-ACTIS), complimented with mercury porosimetry (Micromeritics Auto pore IV9520), was performed for samples B-00, B-42, and B-45, which were also used for the SEM-EDX analysis. The internal structure of an object is determined according to the absorption rates of the X-rays transmitted to the rotating object, as schematically shown in Figure 5 . The system is capable of reconstructing the two-dimensional information on any cross section. Microfocus X-ray CT is different from typical X-ray CT in that the electron beams are narrowly emitted from the X-ray radiation source. A spatial resolution of 5 lm is attained by this additional function. After taking scanned images, a threshold value should be fixed to distinguish the pore spaces and the solid particles in the rock samples. In this study, the threshold values were determined by fitting the bulk porosity, measured by mercury porosimetry, with that evaluated by the three-dimensional CT data. The spatial resolution of 5 lm, attained in the CT analyses, may not be high enough to identify the shapes of all the pores that are detected by mercury porosimetry. However, the fitting procedure only enables the evaluation of the changes in pore size distribution between the pre and postexperimental samples. It should be noted that just using mercury porosimetry is not sufficient for identifying such changes, because mercury porosimetry cannot be applied to the preexperimental samples, and it ruins the internal structures of the samples if applied. [1999] developed a 3DMA computational package for analyzing the geometry of the pore and grain phases in three-dimensional CT data. Using this package, the spatial distributions of pore and throat sizes, the coordination number, the tortuosity, and other geometric relations can be obtained. In the 3DMA package, the kriging-based algorithm is used to segment the voxel images. The medial axis for a sphere is a straight-line passing through the center point and that for a cylinder is the axis of rotational symmetry. The medial axis for any n-dimensional object can be found by employing an algorithm equivalent to a ''burning algorithm'' [see Lindquist et al., 1996] . Figure 6 is a two-dimensional illustration of the medial axis behavior of two nodal pores. A throat is defined as a local minimum of the cross-sectional area in a channel, and pores are interconnected by the throat structure. In this study, pore structures of interest are examined using the effective radii of the throats and interconnected pores that are converted from the two nodal pores evaluated, as shown in Figure 7 .
Lindquist and Venkatarangan
Experimental Results and Analyses
The evolution in permeability may be attributed to the mechanical creep compaction, the truncation of the contacts by mineral dissolution, the clogging of pore spaces by secondary mineral precipitation onto the void surfaces and/or by fines resulting from grain crushing, or the convolved behavior of all three phenomena, which should result in a reduction in permeability with time. It may also be attributed to the enlargement of the pore spaces by mineral dissolution from the free surfaces of grains, which should lead to an increase in permeability with time. Notably, the dissolution-and stress-driven compaction by dissolution at the contacts and by the deforming and/or crushing of the contacts, respectively, may be quite difficult to distinguish. The deconvolving of these two mechanisms may not be accomplished simply by measuring the changes in permeability with time, but may be achieved by adding supplementary observations, such as SEM-EDX and X-ray CT. In this study, the aim is to examine the mechanisms of the changes in permeability with time from permeability measurements, together with supplementary observations, analyses of the element concentrations in the effluent fluids, XRF, XRD, SEM-EDX, and X-ray CT with mercury porosimetry.
Evolution of Permeability
In the case of the intact sandstone samples at 208C (Figure 8a ), the permeability of B-42 starts with 5.14 3 10 215 m 2 and shows slight changes up to the 320th day. Subsequently, the tendency for change increases with time throughout the rest of the experiment; it reaches 1.44 3 10 214 m 2 by the end. Similarly, for sample B-43, the permeability shows a slight oscillation, and then starts increasing with time from the 300th day to the completion of the experiment. The permeability of B-43 is always smaller than that of B-42, which may be due to the higher confining pressure that has been prescribed. In the case of the intact sandstone MA Throat Pore body Figure 6 . Schematic of pore body and throat defined by medial axis method [Lindquist and Venkatarangan, 1999] . MA represents the medial axis for the pore body and throat.
Throat Throat Pore Pore radius Throat radius Figure 7 . Schematic of pore and throat structures identified using microfocus X-ray CT imaging data.
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samples at 908C (Figure 8b ), the permeability of samples B-45 and B-46 (i.e., confining pressure of 7.5 MPa) and that of sample B-44 show the same tendency. A subtle discrepancy among them is observed, although the confining pressures that have been prescribed are double. It should be noted that the same boundary conditions were applied to the experiments on samples B-45 and B-46 in order to check the reproducibility of the experiments. As is apparent from Figure 8b , the reproducibility is confirmed. Similar to the experimental results at 208C (B-42 and B-43), the steady state periods with permeability ranging from 1 to 3 3 10 215 m 2 are followed by periods of an increase in permeability. The timing for the switchover is at around the 250th day, namely, slightly earlier than that for B-42 and B-43. The higher the prescribed temperature, the more soluble the minerals are. Thus, the timing for the switchover in the experiments at 908C may be advanced. However, when closely comparing the changes in permeability between B-43 and B-44 ( Figure  9 ), no distinct difference is observed, implying that the difference in temperature between 20 and 908C may not exert a significant influence on the changes in permeability. The dissolution rate constants of quartz, which is the most abundant mineral in Berea sandstone, are evaluated to be 3.14 3 10 213 and 8.82 3 10 211 at 20 and 908C, respectively [Dove and Crerar, 1990] . The difference in rate constants seems significant, but quite a similar phenomenon was indeed observed in this work. In the case of the intact sandstone samples, on the whole, the permeability increases with time after experiencing the steady state period. This is most likely due to the augmentation of pore spaces with time mediated by the mineral dissolution of the free surfaces of the grains.
Next, the results of permeability experiments for the fractured sandstone samples, evaluated by equations (2) and (3), are explained. As is apparent in Figure 10 , the permeability in the fractured samples is always more than one hundred times that measured in the intact samples (see Figures 8 and 9 ), proving that the flow is dominant in the fractures rather than in the matrix. At 208C (B-47), the permeability decreases monotonically from 5.43 3 10 211 to 6.48 3 10 212 m 2 , 12% relative to the initial value ( Figure 10 ). Such a significant decrease in permeability in the rock fractures, observed under relatively mild stress and temperature conditions, has been previously reported for quartzite [Polak et al., 2003; Yasuhara et al., 2006] and for carbonates , congruent with the experimental results. At 908C (B-48), the permeability changes little throughout the experimental period, although it shows a declining trend. This is incongruent with the results reported in the above literature, and may be attributed to the fact that the effects of both fracture gaping (i.e., dissolution of the free surfaces of the grains) and fracture closure (i.e., crushing or dissolution of the grain contacts) counterbalance each other. This theory is still under investigation.
In the fractured mudstone samples, at both 20 and 908C, the permeability decreases with time ( Figure 11 ). The rate and magnitude of the decrease in permeability are greater at 908C than at 208C. In contrast, the permeability decreases little in the experiment on H-5 where nonwetting silicon oil is used as the permeant to inhibit mineral dissolution. Therefore, the reduction observed for H-1 and H-3 should be attributed not to mechanical creep compaction, but to geochemically driven compaction by the mineral dissolution at the contacts and/or to pore clogging induced by mineral reprecipitation. Generally, it was observed that the fracture permeability in both sandstone and mudstone decreased with time, although the rate and magnitude were different among the samples.
Evolution in Effluent Concentration
In the experiment with B-42, the concentrations show a declining trend with slight fluctuations, but do not change greatly with time throughout the whole experimental period (Figure 12 ). This tendency is representative of the results for all the sandstone samples. The Ca and Mg concentrations are relatively high compared to the others. This should be attributed to the dissolution of dolomite cements [Dawson et al., 2015] , which are more soluble than quartz, the most abundant mineral composing the Berea sandstone. In order to examine the stress and temperature dependence on the measured element concentrations, Si concentrations for all the Berea samples are selected and plotted in Figure 13 . In this figure, the circles and rectangles represent the results at 7.5 and 15 MPa, respectively. The black and red-colored symbols show the results at 20 and 908C, respectively. The closed and open symbols are the results obtained using intact and fractured samples, respectively. As noted in the beginning of this section, all the concentrations decrease with time. However, the rate of decrease is smaller at 908C than at 208C. Moreover, the magnitude of the concentrations is always greater at 908C than at 208C, which is reasonable. In contrast, the measured concentrations do not show a clear stress dependence. The results at both 7.5 and 15 MPa show quite similar values. Interestingly, the concentrations in the fractured samples (B-47 and B-48) also show a similar trend, both quantitatively and qualitatively, as compared with those in the intact samples (B-42, B-43, B-44, B-45, and B-46), indicating that the existence of a fracture may exert little influence on the evolution of mineral dissolution. It is concluded for the concentration measurements in the Berea sandstone that the confining pressures adopted in this work (i.e., 7.5 and 15 MPa) may have little influence on the change in the amount of mineral dissolution and that the prescribed temperature may regulate the mineral dissolution. At least it can be said that the temperature effect is greater than the stress effect.
Next, the concentrations measured in the Horonobe mudstone are explained. Similar to the measurements apparent in the sandstone samples, the measured concentrations gradually decrease with time and show greater values at 908C than at 208C (Figure 14) . Notably, the Na and Cl concentrations are relatively high. This most likely can be attributed to the dissolution of the soluble NaCl included within the matrix pores.
The dissolved mass in the solutions should originate from both the contacting areas and the free walls within the pore spaces. If the effect of the free-face dissolution dominates over that acting on the contacting areas, the permeability should increase with time, which is compatible with the measurements in the intact sandstone samples. In contrast, if the effect of the dissolution at the contacts prevails over the freeface dissolution, the permeability should decrease with time. This interpretation is supported by the measurements in the fractured sandstone and mudstone samples. As is apparent, the upper and lower walls of a fracture are propped by asperity contacts. Therefore, the truncation of the propping asperities by dissolution in the fractured media may result in the decrease in permeability with time.
Petrographic Analyses Using SEM-EDX, XRD, and XRF
The experiments on B-42 (7.5 MPa and 208C) and B-45 (7.5 MPa and 908C) were halted, and the samples were taken out of the pressure cell to examine the petrographic changes by comparing the pre and postexperimental samples by means of SEM-EDX, XRD, and XRF. The other samples were still within pressure cells 
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and the experiments were continuously conducted. The experimental durations for B-42 and B-45 were 1015 and 566 days, respectively. The dimensions and the P wave velocity of the two samples were measured in a longitudinal direction before and after the experiments. The results are shown in Table 3 . The dimensions of B-42 changed little during the experiments, while those of B-45 contracted slightly in the longitudinal direction. The contraction may be attributed to the truncation of the grain contacts, induced by the pressure solution, that are more active at higher temperatures [e.g., Rutter, 1983; Bjørkum, 1996; Revil, 1999] . However, further analyses are required to clarify this hypothesis. Notably, the measured P wave velocity is lower in the postexperimental samples than in the preexperimental samples for both B-42 and B-45. This reduction should be attributed to the dominant effect of the free-face dissolution of the minerals, leading to the augmentation of pore spaces, and is congruent with the increase in permeability with time observed in the flow-through experiments (Figure 8 ).
When closely observing the postexperimental samples, red-colored secondary precipitates were found that were not observed in the preexperimental samples, as seen in Figure 15 , striped patterns, composed of red and white layers, clearly extend along the bedding plane. Figure 16a shows a close view of such red precipitates. The SEM- 
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EDX analysis revealed that the red precipitates are dominated by Mg, Ca, and Fe (Figures 16b-16d ) and are interpreted to consist of a mixture of dolomite (CaMg(CO 3 ) 2 ) and siderite (FeCO 3 ). The SEM image and the elemental maps suggest that the dolomite precipitated first within the pore spaces, followed by the siderite precipitation which eventually filled in the pores completely. Siderite is commonly found in hydrothermal veins and is also known to occur frequently as a representative diagenetic mineral. Relatively pure siderite was observed in these experiments because deionized water was used as the permeant [Mozley, 1989] . 
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The mineral composition of the postexperimental samples, B-42 and B-45, was determined by XRD, as shown in Figure 17 . The only difference in mineral composition between the pre and postexperimental samples is the illite (see Figure 2 as a reference), which commonly occurs as an alteration product of feldspar in weathering and hydrothermal environments [e.g., Demange, 2012] . The relatively high temperature of 908C and the long-term hold duration are likely to have accelerated the alteration of feldspar to illite. However, siderite, identified by the SEM-EDX analysis, was not detected by the XRD measurement because of its small volume fraction. This result implies that the precipitation of siderite may not influence the reduction in permeability mediated by the local clogging of the precipitates because the net permeability indeed increased with time.
The element composition of the pre and postexperimental samples was determined by XRF, as shown in Table 4 Water Resources Research
Mg as compared with the results for B-00 (the preexperimental sample). The reduction in Ca and Mg implies the dissolution of dolomite, which is reasonable and compatible with the measured Ca and Mg concentrations, that are relatively high, and comparable to the Si concentrations (Figure 12 ). The augmentation of pore spaces with time may be due mainly to the dolomite dissolution.
Observations of Micropores Using Microfocus X-ray CT
The rock samples, B-42 (7.5 MPa and 208C) and B-45 (7.5 MPa and 908C), were also investigated by the microfocus X-ray CT to examine the evolution of pore structures by comparing pre and postexperimental samples. A CT image and the extracted pore structures of B-45 are shown as an example in Figure 18 . The Figures 15b and 15c , by optical microscope.
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10.1002/2014WR016427 differences in the relative frequency of the effective pore and throat radii between the pre and postexperimental samples, B-42 and B-45, are shown in Figure 19 . As is apparent, the pores with a radius ranging from 10 to 60 lm decreased, while those with a diameter of more than 60 lm increased for both B-42 and B-45. Similarly, the throats with a radius ranging from 5 to 25 lm decreased, while those with a diameter of more than 60 lm increased for B-42, although such a distinct difference in throat radii was not observed for B-45. The decrease in smaller pores and the increase in larger pores should result in an increase in permeability. This supports the permeability measurements shown in Figure 8 .
Discussion
We have observed interesting results in the long-term permeability change-the observed permeability in the intact rock samples generally increased with time, while that in the fractured rock samples decreased with time. To examine the mechanisms of the change in permeability, the dimensionless Damkohler number, Da I , at the sample scale was evaluated by following Salehikhoo et al. [2013] . This number describes the effect of advection relative to that of mineral dissolution at the sample scale, given by,
where s adv is the characteristic time scale for advection (s) and s rxn is the characteristic time scale for dissolution (s). The characteristic time scale for advection is the residence time of the fluid in the rock sample, defined as s adv 5 L v , where v is the average flow velocity (m s
21
). In this study, the pore water within the rock samples was replaced with fresh deionized water at the interval of 5 or 10 days, and the length of the rock samples was 60 mm. Therefore, the average flow velocity may be defined as 1.4 3 10 27 m s
, as a first-order approximation. The characteristic time scale for the dissolution is the time that it takes to reach equilibrium in the entire rock sample; it is defined as s rxn 5
Vp Ceq R AT , where V p is the total pore volume of the rock sample (m ) [Salehikhoo et al., 2013] . Both the Berea sandstone and the Horonobe mudstone are composed mainly of silica (Figure 2) . We assume that quartz is the representative mineral that may control the overall dissolution occurring in the rock samples, and that the whole system is far from equilibrium. The effluent element concentrations measured in the sandstone sample, B-42, as shown in Figure 12 , indicate that the dolomite cements may have contributed to the change in permeability, but the effect is not considered here for simplicity. Consequently, the parameters for C eq and R can be evaluated using the solubility of amorphous silica in water [Fournier and Rowe, 1977] and the dissolution rate constants of quartz [Tester et al., 1994] , respectively. For the intact sandstone samples, the term of [Graton and Fraser, 1935] , where r is the mean radius of grains composing the sandstone, namely, $100 lm. For the fractured sandstone and mudstone samples, the values of s adv , C eq , and R are the same as those used for the calculations of the intact sandstone samples. The term of AT Vp is calculated by assuming that the fractures contain smooth, flat surfaces without any roughness, defined as AT Vp 5 2 w , where w is the average fracture aperture, for which the hydraulic aperture hbi, shown in equation (2), is substituted in this study. Actually, the initial values for the hydraulic aperture evaluated from the permeability experiments are used to calculate AT Vp . Finally, all the parameter values and the evaluated D aI are summarized in Table 5 . In both the intact and the fractured rock samples (i.e., B-42, B-43, B-47, and H-3), D aI shows similar values when the temperatures are equal. At 208C, D aI is relatively close to unity, meaning that the effects of advection and dissolution balance each other and dissolution may locally reach a steady state or equilibrium between injections of fresh deionized water, while at 908C (i.e., B-44, B-45, B-46, B-48, and H-1), D aI is 3 orders of magnitude greater than that at 208C, meaning that the dissolution process should more quickly reach a steady state or equilibrium in a larger domain of the rock samples. After all, the system is more or less dissolution-limited at both temperatures; and thus, the permeability changes in the intact sandstone samples, B-42, B-43, B-44, B-45, and B-46 , show a similar trend even at different temperatures. Dissolution occurs on the free surfaces of grains and the cements, and the dissolved materials are flushed out of the rock samples during each permeability experiment. Subsequently, the pore volume gradually increases and it takes several hundred days to observe a measurable increase in permeability. Therefore, unless the pore water is replaced with freshwater, the permeability may not change with time, which should be confirmed by conducting circulating-flow experiments.
In the fractured samples of sandstone and mudstone, B-47, B-48, H-1, and H-3, D aI is the same as that of the intact samples. However, the observed behavior is totally different-the permeability decreased with time. This is obviously due to chemo-mechanical compaction and/or the local precipitation of secondary minerals. As described in section 3.3, many secondary minerals were not observed from the SEM-EDX and XRD analyses, and the reprecipitation may not have exerted a significant influence on the permeability reduction. Therefore, Figure 18 . Schematic procedure of extraction of micropores using microfocus X-ray CT. A 3 mm cube is imaged in the middle of the rock sample and pore structures are extracted.
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the observed reduction in permeability may be attributed to geochemically driven compaction by the mineral dissolution. Although D aI was evaluated in this section, we should note that it is difficult to show clearly deterministic interpretations/conclusions for the permeability changes observed in all the samples.
The contribution of net dissolution, measured as the effluent element concentrations, to the permeability changes in the intact sandstone samples, B-42, B-43, B-44, B-45, and B-46 , may be evaluated by calculating the net dissolution mass flux flowing out of the samples at a given time, as,
where _ Water Resources Research
where / (t) is the porosity at a given time (2), / i is the initial porosity (2) ). Once the porosity at a given time is evaluated, the change in permeability may be evaluated using the Kozeny-Carman equation [Bear, 1972] , as
where k(t) is the permeability at a given time and k i is the initial permeability. Thus, the term of kðtÞ ki represents the permeability normalized by the initial permeability. The normalized permeability, observed in the experiments and predicted by following the above procedure, is compared in Figure 20 . As is apparent, the predicted normalized permeability changes little with time. Actually, the increase in permeability for samples B-42 (208C) and B-46 (908C) is only 1% relative to the initial permeability-the increase for B-46 is slightly higher than that for B-42, which is quite reasonable because the higher temperature gives more mineral dissolution. This surprising mismatch between measurements and predictions implies the formation of preferential flow paths, like wormholes, which were not clarified in the microfocus X-ray CT observations. Conducting flow simulations using the 3-D representation of the pore structures obtained from the CT should be the next task to elucidate the greater increase in the measured permeability.
Related to the above discussion, the contribution of net dissolution to the permeability changes in the fractured sandstone and mudstone samples, B-47, B-48, H-1, and H-3, may also be evaluated in a similar manner. The net dissolution mass flux is assumed to be the sum of the fluxes originating from the contact asperities and the free surfaces within the fractures, that is,
where r C and r F are ratios of the dissolution mass fluxes sourced from the contact areas and the free surface areas over the total mass efflux, respectively, which results in r C 1 r F 5 1, and represents the relative contribution to the net dissolution mass flux sourced from either the contact areas or the free surfaces. The dissolution at the contact areas and the free surfaces should result in the decrease and increase in permeability, respectively. Therefore, the rates of the changes in mechanical aperture, induced by the dissolution at the contact areas and the free surfaces, may be defined by
where _ b c and _ b f are the rates of the changes in the mechanical aperture induced by the dissolution at the contact areas and the free surfaces, respectively. q r is the dry bulk density of the rocks (kg m Water Resources Research
where Rc is the contact area ratio. Note that although the mechanical aperture predicted here and the hydraulic aperture evaluated from equation (2) may not be equivalent [e.g., Piggott and Elsworth, 1993] , calculating them as equivalent is reasonable to a first-order approximation. Varying the unmeasured fractional contact area in the range from 1 to 40%, the rates of aperture reduction, _ b, in equation (11) can be evaluated with the different rates of _ b c and _ b f , together with that recovered from the hydraulic measurements changing with time ( Figure 21 ). The predicted _ b decreases with the increase in r F , which is quite reasonable because the increasing r F represents the augmenting of the contribution of the free-face dissolution. For samples B-47, B-48, and H-3, the predictions, in the range from 10 211 to 10 213 m/s, are close to the rates evaluated from the hydraulic measurements. This agreement leads to the conclusion that the dissolution at the contact areas mainly contributes to the observed response. For sample H-1, the predictions in the range from 10 210 to 10 212 m/s are slightly higher than the measurements. This mismatch may be the result of either an unaccounted contribution of the dissolution at the fracture void walls or from an underestimation of the assumed fracture contact area, which should be further examined.
Conclusions
In this work, the long-term evolution of the permeability in intact/fractured sandstone and fractured mudstone samples has been measured so as to examine the effects of the prescribed confining pressure, temperature, and permeant exerted on the changes in permeability. The permeability was measured intermittently for more than 1000 days, and the results were reinforced by measurements of the effluent element concentrations (i.e., ICP-AES and IC) and petrographic and microstructural observations (SEM-EDX, XRD, XRF, and microfocus X-ray CT).
In the intact sandstone samples, the permeability increased with time. The sample dimensions changed little or even contracted after the experiments. The increase in permeability resulted from the increase in pore volume induced by the free-face dissolution. The observations by microfocus X-ray CT indicated that the frequency of the pores with a radius ranging from 10 to 60 lm decreased, and that of the pores with a diameter of more than 60 lm increased, which may support the observed increase in permeability. Moreover, the preferential dissolution of the dolomite cements may have contributed to the increase in pore volume. The evaluation of the dimensionless Damkohler number revealed that the dissolved materials are flushed out of the rock samples during each permeability experiment. Subsequently, the pore volume gradually increased with time and it may have taken several hundred days to observe a measurable increase in permeability. The mismatch of the changes in permeability between the measurements and the predictions, evaluated by the Kozeny-Carman equation by considering the measured concentrations, implies that the gradual increase in permeability may have been induced by the formation of preferential flow paths. Similarly, by taking account of the measured concentrations, the contribution of net dissolution to the changes in permeability in the fractured sandstone and mudstone samples was evaluated in terms of the rate of aperture change, concluding that the observed decrease in permeability was most likely due to the dissolution at the contact areas and the corresponding compaction of the fractures.
Once again, the permeability was measured for more than 1000 days for almost all the rock samples, but the changes, either increases or decreases, were roughly 1 order of magnitude at the most, as compared to the initial values. Deionized water, when used as a permeant, should be much more capable of dissolving rockforming minerals than in situ groundwater, if chemically under neutral conditions. In other words, the permeability experiments adopted in this work have been conducted under more severe conditions than exist in natural environments, considering the integrity of natural reservoirs (i.e., rocks) used for the long-term isolation of radioactive waste and anthropogenic CO 2 . Nevertheless, the increase in permeability in the intact samples, observed over 1000 days, was only 1 order of magnitude relative to the initial values. In the fractured samples, the permeability generally decreased with time, which is still better from the viewpoint of reservoir integrity. As a future study, long-term permeability experiments using in situ groundwater and high and low pH solutions as the permeant will be conducted to examine the effects on the rock permeability of interest.
